The application of detailed models of canopy photosynthesis rely on the estimation of attenuation of light in the canopy. This attenuation is readily estimated with the Lambert-Beer law when the canopy is homogeneous. In reality, forest canopies are far from homogeneous, and this has led to the use of detailed light extinction models that account for grouping of foliage between and within trees. Because such models require detailed parameterization and fine resolution inputs, they are impractical in larger-scale applications. Thus, there is interest in simplified models that can be readily parameterized. We developed two equations that can be used to estimate mean annual light interception by single unshaded trees and by stands of Poisson distributed trees. Interception by single trees is a function of crown surface area, the ratio of leaf area to crown surface area, the extinction coefficient in a homogeneous canopy-which can be determined separately-and one empirical parameter that depends on the mean solar angle. The summary model was tested against a detailed model of interception, and showed good agreement, although with slight bias. The results showed that crown surface area is a good summary variable for crown size and shape, because errors are independent of crown shape (ellipsoids, cones and height: width ratios). We also tested whether canopy photosynthesis is proportional to light interception across canopies differing in structure and leaf area index, and found that light-use efficiency is influenced by canopy structure. The model is useful in larger-scale applications because it can be parameterized with available data without the need for additional empirical parameters. It can also be used to study the effect of stand structure on mean annual light interception and productivity.
Introduction
Process-based models of canopy photosynthesis are widely used to scale leaf photosynthesis to the canopy level. Because photosynthesis depends strongly on light, such scaling relies largely on estimating light extinction throughout the canopy. A wide array of detailed light extinction models exists (Norman and Welles 1983 , Oker-Blom et al. 1989 , Wang and Jarvis 1990 , Cescatti 1997 , Bartelink 1998 , Brunner 1998 ). These models are often coupled to detailed leaf photosynthesis models to arrive at instantaneous or time-integrated canopy photosynthesis (e.g., Wang and Jarvis 1990, Leuning et al. 1995) .
Such detailed models require many parameters and much computational effort, and are therefore not useful in large scale (both time and space) applications (e.g., Mohren and Burkhart 1994) . Successful simplified models, or summary models, might capture the essential behavior of the more detailed model with a requirement for fewer inputs. Simple summary models could be applied on longer time scales, such as months or years, with application in growth and production models (Mäkelä 1997 , Landsberg and Waring 1997 , Valentine 1999 .
A well-known approach to summarize the effect of light availability on photosynthetic production at longer timescales, such as monthly or annually, is the light-use efficiency (LUE) model (Monteith 1977 , Landsberg et al. 1996 . Canopy photosynthesis is proportional to intercepted photosynthetic photon flux (PPF, we only consider light in the 400-800 nm waveband in this study) (Equation 1):
where P is canopy photosynthesis over some time period, Q 0 is integrated PPF above the canopy over the same time period, f int is the fraction of intercepted radiation and ε is light-use efficiency. In applications to stand growth models, the LUE model is often combined with a model for the fraction of intercepted light which takes the form of the Lambert-Beer equation as:
where k is an "effective" extinction coefficient over the period considered, and L is leaf area index (Linder 1985 , West 1987 , Mäkelä 1997 , Landsberg and Waring 1997 . Although the Lambert-Beer law is in theory applicable only to instantaneous light extinction (Monsi and Saeki 1953) , the combination of Equations 1 and 2 has been shown to provide a useful integration over periods from months to years, in homoge-neous canopies (Cannell et al. 1987 , Oker-Blom et al. 1989 , Mäkelä 1990 ). Application of detailed light interception and photosynthesis models to forest canopies shows that clumping of foliage, either in shoots or tree crowns, reduces light interception when compared with homogeneous canopies (Nilson 1971 , Stenberg 1996 , Chen et al. 1997 , Oker-blom et al. 1989 , Fournier et al. 1997 , Cescatti 1998 , Nilson 1999 , Kucharik et al. 1999 . However, few attempts have been made to summarize the effect of foliage grouping on long-term stand photosynthesis. Jackson and Palmer (1979) presented a simple equation to estimate interception in canopies with large gaps between trees. Mäkelä (1990) developed a summary model of the form of the Lambert-Beer law based on simulations with a detailed model, where the resulting extinction coefficient was a function of stand structure (crown size and other factors). and Ludlow et al. (1990) presented a summary model for both single tree and stand photosynthesis that uses crown surface area (S A ), and the ratio of leaf area to crown surface area (L A /S A ). Unfortunately, in neither case was the model tested against canopy light interception nor used with an extinction coefficient. Kucharik et al. (1999) presented a simple model to estimate the extinction coefficient based on stand structure, but their method has not been applied to integrated light interception. None of these methods are currently easily applicable to long-term interception for use in larger-scale production modeling.
In this study, we develop a simple summary model that predicts mean annual light interception and photosynthesis of non-homogeneous stands of trees, based only on dimensions of single tree crowns and leaf area per tree. We tested the summary model against a detailed model (Oker- Blom et al. 1989 , Mäkelä et al. 2007 ) in a wide array of simulations with different stand structures and crown shapes. We also determined if canopy photosynthesis is proportional to light interception, i.e., if the LUE model (Equation 1) is applicable across stands with differing crown structure or leaf area index.
Methods

Modeling approach
We developed a simple model that estimates the mean annual light interception of single trees in the absence of neighbors, and the interception of a stand of identical trees when interception by a single tree is known. The separation of within-tree and between-tree shading simplifies the problem greatly (Warren-Wilson 1981) . Throughout, we assume that clumping at the shoot level can be approximated by specifying an extinction coefficient per unit path length (equivalent to the G(θ)-function, Myneni et al. 1989) while assuming a random orientation of the shoots (Oker-Blom et al. 1989 , Stenberg et al. 1994 . Finally, we investigated if the predicted interception can be used to estimate tree and canopy photosynthesis in the framework of the LUE model. Hereafter, "light" refers to photosynthetic photon flux (PPF), not radiant energy.
Interception by unshaded individual trees
To arrive at an approximate expression for single-tree light interception, we first consider a horizontally homogeneous canopy with no gaps between trees (cf. West 1987 , Ludlow et al. 1990 , and assume that annually integrated interception by such a canopy (I H , mol m -2 year -1 ) approximately follows the Lambert-Beer law (from Equation 1):
where f H is the fraction of intercepted light. The Lambert-Beer law is not exact for annual totals because the solar angle, and thus the extinction coefficient, varies throughout the day. For simplicity, the extinction coefficient for this homogeneous canopy (k H ) includes the effect of clumping of foliage in shoots. It then follows that interception by each (identical) tree in the canopy (I i , mol tree -1 year -1 ) can be written as:
where H A is the horizontal area occupied by each tree in the homogeneous canopy (m 2 ) and L A is leaf area per tree (m 2 ). In this study, all leaf areas and fluxes are expressed on an allsided area basis. We replace L by leaf area per crown projected area (L A /H A ), because they are the same. The whole result is multiplied by H A because this represents the area occupied by a single tree in a closed canopy. Equation 4 applies only to a horizontally homogeneous canopy, but we want to use something similar for single trees in the absence of shading by neighbors.
Light interception by a crown is related to the crown projection area in the direction of the sun (H θ ) (Nilson 1999) . When integrating over all angles, mean H θ is one fourth of the crown surface area (S A ) (Cauchy's theorem, see Lang 1991) . For this reason, crown surface area should be a good variable for estimating time-averaged light interception. Instead of using exactly one fourth of S A , we use an empirical parameter because integration does not take place over all angles; rather, it depends on the trajectory of the sun as a function of latitude and time of year, and whether light is direct or diffuse. This gives Equation 5:
where φ is an empirical parameter. Equation 5 is similar to that proposed by and Ludlow et al. (1990) , who used total crown surface area instead of a fraction of total surface area, and replaced k H by an empirical parameter without separating interception and canopy photosynthesis. The φ parameter depends on the mean solar angle when incoming light is direct. If light comes equally from all angles, as is the case for isotropic diffuse radiation, there is no effect of mean solar angle, or latitude, on either k H or φ. If necessary, Equation 5 can be applied separately to direct and isotropic diffuse light (see Appendix C).
Next, we define f i as the fraction of intercepted light of the total light falling on the area occupied by the single tree in the absence of neighbors,
where a is the area (m 2 ) available to each single tree (the inverse of stand density, i.e.,10 4 m 2 if there is one tree per hectare, as is the case in all of our simulations).
Intercepted light by a non-homogeneous canopy
The next step is to find a simple equation that describes light interception by a stand of identical trees. The fraction of intercepted light flux by such a canopy ( f P ) should be a function of the number of trees and the light interception by each tree ( f i ).
The probability that light is not intercepted by any tree (the mean gap fraction, 1 -f P ) over an area with N trees can be derived as follows. For one tree per hectare, this probability is by definition:
If the trees are Poisson distributed, a "Poisson stand," so that the probability that light is not intercepted by any tree is independent for all trees, Equation 7 follows (because fractional light interception does not depend on light).
( )
where N is stand density (ha -1 if f i is averaged over one ha). Equation 7 can be written in a form similar to the Lambert-Beer law by realizing that for small values of
Equation 8 is a good approximation of Equation 7, because f i (proportion of light intercepted by a single tree of that falling over a hectare) is small. A simplifying assumption in deriving the interception model (Equation 8 ) was that all trees were equal in size and shape (i.e., f i is the same for each tree). The model can easily be extended to allow for multiple tree classes within a stand (Appendix B).
Combining Equations 6 and 8, taking account of the fact that L = L A N/a, and rearranging gives an estimate of the fraction of intercepted light in the form of the Lambert-Beer law (Equation 9) by introducing an effective extinction coefficient (k eff ):
Canopy photosynthesis
If the light-use efficiency model is applicable, photosynthesis can be estimated with Equation 2, which can be written for a homogeneous canopy as:
where ε H is light-use efficiency (mol mol -1 ), derived from simulations with the detailed model (see below). We tested the hypothesis that LUE is the same for all canopies, i.e., that it does not depend on canopy structure after a possible effect of L is accounted for. In that case, photosynthesis of a Poisson stand can be estimated with Equation 11, which uses LUE determined for the homogeneous canopy at the same L.
The same reasoning extends to the special case with one tree per hectare (an unshaded individual) (Equation 12). For single trees, the light-use efficiency from the homogeneous canopy was used, at the L for the single tree crown which was determined as L A /H A .
( )
$ P L f Q i H i = ε 0(12)
Detailed interception and photosynthesis model
The detailed model used in this study is that of Oker-Blom et al. (1989 , see also Mäkelä et al. 2007 . Tree crowns are considered as cones or ellipsoids with shoots randomly distributed within the crown volume. The attenuation of light inside the tree crowns is a function of the distance the solar beam travels within the crown because we assume foliage is randomly distributed within crowns. Average direct light incident on shoots is modeled with Equation 13:
where k is the extinction coefficient within tree crowns in the direction of the solar beam, which is a coefficient depending on shoot clumping or shoot to total area ratio (Oker-Blom et al. 1989 , Stenberg 1996 , not to be confused with k H in Equations 3 and 9b. Parameter Q 0,D is direct light on a plane perpendicular to the direction of the sun, LAD is leaf area density (m 2 m -3 ) and the function S is the path length of the ray through the crowns to a point (x,y,z) inside the crown with solar elevation θ. A similar equation is employed for isotropic diffuse light, with the difference that diffuse light needs to be integrated over the whole hemisphere. The average light is determined numerically by dividing the crowns into a large number of small boxels (20 in each horizontal direction, and 50 in the vertical), and estimating S (x,y,z,θ) for each boxel based on the geometry of the crown and the position of the sun. The total for a crown is found by summing all the boxels.
Shading caused by surrounding trees is estimated with Equation 14, which is based on the assumption that trees are Poisson distributed:
where U C is the fraction of Q 0,D not intercepted by neighboring trees at height z in the canopy, λ is stand density (trees m -2 ) and T(z,θ) is the mean shadow area of a crown projected onto a horizontal plane at height z in the canopy and is derived from the geometry of the crown and the position of the sun (see Oker-Blom et al. 1989 , Oker-Blom et al. 1991 ). Equation 13 is multiplied by Equation 14 to arrive at mean light on shoots in each boxel in the canopy. This mean light is used to estimate shoot photosynthesis at each point in the crown. We use a shoot photosynthesis model that takes only light as input. Effects of vapor pressure deficit and temperature are not considered in the current study. Our goal is to compare the detailed model to a simplified summary model for light interception and photosynthesis, so environmental effects are unimportant as they are the same for all canopy structures. The light-response curve used was a rectangular hyperbola:
where A is leaf CO 2 assimilation rate (mol m -2 s -1 ), α is leaf quantum yield (mol mol -1 ), A max is light-saturated shoot CO 2 assimilation rate (mol m -2 s -1 ) and I is mean light on the shoot (direct + diffuse). For α, we used 0.05 mol mol -1 , and for A max we used 3.5 µmol m -2 s -1 (Mäkelä et al. 2007 ). Light above the canopy for each half-hourly timestep was estimated from solar elevation (cf. Gates 1980) , assuming a solar constant of 1350 W m -2 and converting to PPF (2700 µmol m -2 s -1 ), and constant atmospheric transmittance. It should be noted that the absolute value of incident light has no effect on the results, because we are interested in relative effects of stand structure. Solar elevation was estimated from time of day and latitude. The extinction coefficient k (in Equation 13) was taken from Mäkelä et al. (2007) , and was based on light measurements within the canopy.
Conifers tend to form an empty space inside tree crowns and so do not typically have a random distribution of shoots within the whole crown volume. We tested the effect of this form of clumping on light interception, but it is negligible because sunbeams do not pass through this cavity without also passing through the foliage (and we ignore the effect of branches).
Simulations with detailed model
The detailed model was used to estimate canopy photosynthesis (P) and intercepted light (I ) for a wide range of stands, varying in leaf area index, crown characteristics and stand density. All simulations were for 1 year, but we express light interception and photosynthesis as daily means over the year. Inputs to the detailed model are stand density, crown width and height, leaf area per tree and crown shape (cones or ellipsoids). Rather than varying each of these parameters over some predetermined range, we chose parameters that would give rise to a wide range of realistic stands. We used only one value for k, which incorporates shoot clumping, because we focused on between-tree clumping only. The simulations apply to both conifer and broad-leaved stands of trees, because the possible effect of shoot structure is inherent in k only, and no other assumptions that are specific to either broad-leaved trees or conifers were made.
We varied these parameters over a specified range and constructed a total of 1,920 stands with all combinations of these parameters: (1) crown surface area (50, 150, 300 m 2 ); (2) leaf area to surface area ratio (0.25-3.5 m 2 m -2 ); (3) crown length/width ratio (1-6.7); (4) crown form (cones, ellipsoids); and (5) total crown coverage (0.2-1.2 m 2 m -2 ). The ratio of L A to S A likely has a maximum value in trees, because foliage in dense crowns has a much lower assimilation rate because of self-shading. A low L A /S A value is also inefficient because it requires building a large crown to support little foliage. Based on data from seven coniferous and one broadleaf species, we found that L A /S A varied between 0.25 and 2.3 m 2 m -2 (Table 1) , but we used a larger range to account for denser crowns (0.25-3.5 m 2 m -2 ). The total horizontally projected area of crowns (crown coverage) was varied between 0.2 and 1.2. A value of over 1 does not mean there are no gaps between trees, because our simulations are of a Poisson stand where plenty of overlaps between crowns occur (Nilson 1999) .
For each of these crowns, crown width was found by inverting the equations for crown surface area (Appendix A) (using crown width:length ratio and total crown surface area, crown width can be solved).
We used only direct light in the detailed model, but the effect of isotropic diffuse versus direct light, as well as the effect of mean solar angle through latitude, were tested with simulations of single trees (see below).
Test of summary model
Intercepted light (I i , f i ) and photosynthesis (P i ) by single unshaded trees were estimated with Equations 6 and 12, yielding daily means over a year. Based on the estimate of f i , light interception by a Poisson stand was estimated with Equation 8, and photosynthesis by Equation 11. These estimates were compared with the detailed model by linear regression. Estimates of k eff were computed from the detailed model simulations by fitting Equation 9a to a range of stands with different numbers of trees (and hence values of leaf area index) but the same crown properties (size, leaf area per tree). This estimate of k eff from the detailed model was compared by linear regression with k eff estimated from Equation 9b.
Equations 6 and 9b are parameterized with crown surface area and leaf area per tree, and the extinction coefficient of the homogeneous canopy. Equations 11 and 12 need the mean annual light-use efficiency of a homogeneous canopy. These two parameters of the homogeneous canopy (k H and ε H (L)) were derived by a simulation with homogeneous canopy over a range of leaf area index values (0-25 all-sided L) for a whole year. Light interception by a homogeneous canopy is given by:
where f H is the fraction of light intercepted by the canopy with leaf area index L. Equation 16 was fitted to the result by nonlinear regression (Figure 1 ). This process was repeated for a range of latitudes (10-65°) to determine how k H depends on mean annual solar angle. Light-use efficiency for the homogeneous canopy (ε H (L)) was determined as P H /I H for each increase in L, so as to separate the effects of stand structure and L.
The position of the sun is important in a detailed canopy model, but is absent in our summary model. The parameters φ and k H are both a function of solar angle. With only isotropic diffuse light, there should be no dependence on solar angle. Using simulations for single trees (Equation 5), we optimized φ for a range of latitudes, using either only direct or only isotropic diffuse light. This best-fit did not depend on crown shape (not shown). For direct light, values that gave the best fit varied between 0.35 and -0.73 (from 10°to 65°latitude) (see Figure 2 ), and were constant at 0.38 for diffuse light. All further comparisons are for direct light only at a latitude of 45°.
Results
For single unshaded trees, light interception increased with tree leaf area, but in a way that depended on total crown surface area (Figure 3 ). Trees with bigger crowns for a given leaf area had less self-shading, and therefore had higher interception of light. Differences between cones and ellipsoids, and the TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Table 1 . Mean leaf area (all-sided) to total crown surface area ratio (L A /S A ) for a few tree species estimated from the original datasets. Given in parentheses is a 95% confidence interval for the mean as computed for each dataset, based on the sample of n trees. For data from Monserud and Marshall (1999) , Mäkelä and Albrektson (1992) and Ilomäki et al. (2003) , S A was estimated from mean branch length, which was measured throughout the crown. For Kantola and Mäkelä (2004) For a given stand leaf area index, L, stand structure had a marked effect on light interception ( Figure 4A ). For a given crown type (shape, leaf area), however, the increase in interception with leaf area index (by increasing stand density) still followed a trend similar to the Lambert-Beer law. Figure 4B shows light interception by a Poisson stand as estimated by the summary model (Equation 9), demonstrating that, at least in a qualitative sense, the summary model predicts a similar effect of stand structure on light interception. Estimates of k eff from the detailed model were obtained by fitting Equation A9 to each curve shown in Figure 4A .
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According to our summary model, the effective extinction coefficient of a stand (k eff ) is a function only of the leaf area to crown surface area ratio (L A /S A , Equation 9b), and k H and φ, which are determined separately and only depend on latitude (see Methods and Figures 1 and 2 ). The detailed model showed that k eff was closely dependent on L A /S A , and that effects of crown properties were small ( Figure 5 ). The summary model showed a similar relationship although slightly biased (k eff was overestimated). These results indicate that the effect of between-tree grouping of foliage is more pronounced with denser crowns, because k eff decreases as L A /S A increases.
Estimates of single-tree light interception and photosynthesis by the summary model were well correlated to detailed model simulations ( Figure 6 , Table 2 ). Interception of a Poisson stand was slightly overestimated with the summary model ( Figure 6 , Table 2 ), but strongly linearly correlated. Stand photosynthesis was tightly correlated, but slightly underestimated by the summary model. A tougher test for the summary model is to determine if it correctly predicts how much less light is intercepted by a Poisson stand relative to a homoge- neous canopy at a given leaf area index. Figure 7A shows that this difference is predicted well by the summary model, although it is somewhat biased. Figure 7B shows that the estimate of k eff is tightly correlated to the detailed model simulation, but is also somewhat biased.
Light-use efficiency for a homogeneous canopy (ε H ) and of Poisson canopies (ε P ) increased with L ( Figure 8A ), and ε P was always higher than ε H . We found that ε P was negatively correlated to k eff ( Figure 8B ), so that more clumped stands (lower k eff ) had a higher ε P . In the summary model, we used the light-use efficiency from the homogeneous canopy as a function of L, which was lower than the actual ε P (Figure 8) . However, the extinction coefficient was over-estimated (Figure 7 ) by the summary model, with the result that the two errors nearly cancelled out, making the estimate of stand photosynthesis almost unbiased (Figure 6 ).
Separate simulations were carried out to test in more detail the effect of crown shape on light interception. While keeping crown surface area constant, crown length to width ratio was varied. Crowns that were longer than wide intercepted only 1% more light than ellipsoids (Figure 9 ). For crowns that were wider than long (not very common in real trees), interception depended slightly more on crown ratio. The results were different when crown volume was kept constant: either narrow crowns or flat crowns intercepted more light (cf. Oker-Blom and Kellomäki 1982), and cones intercepted on average 17% more light than ellipsoids.
Discussion
We developed a summary model of light interception by single trees based on crown surface area and leaf area per tree, and tested it against a detailed model. With the assumption that trees are Poisson distributed, the summary model is extended to yield an estimate of stand light interception. Based on the light-use efficiency concept, single-tree and stand photosynthesis were estimated. We used a detailed model to estimate single-tree light interception and photosynthesis, and (Poisson) stand light interception and photosynthesis, and compared the results with the summary model.
For single trees, light interception increased with leaf area, but in a way that depended on total crown size. Larger crowns had less self-shading, thus increasing light interception per unit of leaf area. The summary model successfully uses crown surface area to estimate this effect of crown size (Figure 3 , see also . Crowns with a small total surface area tended to saturate at a lower leaf area than big crowns, demonstrating the benefit of building a larger crown despite the carbon cost. These tradeoffs between photosynthesis and cost with crown size have been studied in a carbon balance framework by Mäkelä and Sievänen (1992) , who showed that there is an allometric relationship between crown length and leaf area that is related to the fractal dimension of crowns Gresham 1991, Zeide and Pfeiffer 1991) .
The results of the summary model were highly correlated with those of the detailed model both for canopy light interception and photosynthesis. This is perhaps because both the summary model and the detailed model are based on the assumption of a random spatial distribution of trees (Equations 6 and 14, respectively). However, the detailed model uses crown geometry to estimate shadow areas at different heights in the canopy, as well as diurnal integration with a half-hourly time-step, whereas the summary model uses only the fractional light interception by single trees. The summary model gave somewhat biased predictions of stand light interception (Figures 6 and 7, Table 2) , and of the extinction coefficient ( Figure 7B ). Although we optimized one empirical parameter (φ) for single-tree light interception, this bias arises because time integration in the summary model is highly simplified. When necessary, this bias can be removed by linear regressions (Table 2 ). Our estimates of k H and φ should be useful for applications of the simple model, but, if more accuracy is needed, new values may be easily be obtained by refitting against a detailed model.
Both the detailed interception model and the summary model are based on the principle that tree locations are independent of one another, or Poisson distributed. In reality, even-aged plantations are more regularly spaced compared with the Poisson forest (Nilson 1999 ). Natural stands can range between regular and clumped, depending on scale (Franklin et al. 1985) , stand development (Ward et al. 1996 , Mast and Veblen 1999 , Wells and Getis 1999 and presumably other factors as well (such as disturbance). The methods that we have outlined to estimate canopy interception for non-homogeneous stands will provide underestimates for stands with regularly spaced trees, and over-estimates for stands where the tree distribution is more clumped. Nilson (1992 Nilson ( , 1999 proposed a method to account for non-randomness of tree locations on the canopy gap fraction. However, the proposed method is only approximate (Nilson 1992) , and additional simulations are needed to test its usefulness in the 866 DUURSMA AND MÄKELÄ TREE PHYSIOLOGY VOLUME 27, 2007 current framework.
Our simulations showed that crown shape (cones or ellipsoids) and crown ratio (crown length/crown width) had a small effect on single-tree interception apart from the effect on crown surface area ( Figure 9 ). In other words, crown surface area successfully integrated effects of crown form on light interception. Oker-Blom and Kellomäki (1982) showed that crown shape strongly influences light interception when crown volume-not crown surface area-is held constant. Other studies that investigated the effect of crown shape on light interception have also kept crown volume, but not surface area, constant (e.g., Jahnke and Lawrence 1965 , Oker-Blom et al. 1989 , Wang and Jarvis 1990 , Chen et al. 1994 , and it is therefore not possible to separate the effects of crown size and crown form on interception in those studies. Our simulations show that the effect of crown shape on light interception is easily confounded by the effect of crown shape on crown size.
Forest growth studies have demonstrated the usefulness of crown surface area (S A ) as an integrating index. Assmann (1961) summarized data showing strong relationships between tree productivity and crown surface area. Jack and Long (1992) also found a good relationship between S A and tree volume increment, and the relationship was the same for Abies lasiocarpa (Hook.) Nutt. and Pinus contorta Dougl. ex Loud. The relationship between tree production and crown volume is less plausible biologically, because larger crowns tend to produce a large empty inner crown (Jack and Long 1992) , which does not photosynthesize. Crown surface area, however, is more directly related to the area of foliage displayed to light. Zeide and Gresham (1991) and Zeide and Pfeiffer (1991) showed that tree leaf area is strongly related to crown surface area through the fractal dimension of tree crowns. Zeide and Pfeiffer (1991) showed that tree leaf area increases approximately as L A ∝ S A 1.25 for several conifer species, although the exponent is higher for dominant trees than for suppressed trees. This means that leaf area to crown surface area ratio increases as trees get bigger, because the exponent is larger than unity. Based on our simulation results, it can be expected that the extinction coefficient declines when this ratio increases ( Figure 5 ). This mechanism could thus be partly responsible for the decline in stand productivity as forest stands age (Ryan et al. 1997) , because a lower extinction coefficient results in less light interception and photosynthesis. Kucharik et al. (1999) developed a method to estimate the canopy extinction coefficient (k) based on tree dimensions and stand density. Their method was not applied to long-term average interception, but instead focused on the diurnal pattern in k TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
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Figure 8. Light-use efficiency (LUE) versus leaf area index (L) and the effective extinction coefficient (k eff ). A. Symbols show the mean annual LUE of simulated Poisson canopies, and the line represents the LUE of a homogeneous canopy. The discrepancy between the two is the result of stand structure. B. The LUE of a Poisson stand is related to k eff , which is a function of stand structure. Figure 9 . Effect of crown shape on light interception (I i ) of individual trees without neighbors. In the upper graph, the crown ratio (crown length:width ratio) and crown form (cone or ellipsoid) is varied while keeping total crown surface area constant at 150 m 2 , and a constant leaf area per crown surface area ratio of 1 m 2 m -2 . In the lower graph, the crown volume is kept constant at 100 m 3 , with a constant leaf area density of 1.5 m 2 m -3 (cf. Oker-Blom and Kellomäki 1982) . Light interception is a daily mean for a whole year. and how it relates to estimation of leaf area index in boreal conifer forests. The applicability of their method to long-term photosynthesis models is questionable because it requires at least three empirical parameters, which were shown to vary among species. Further, their equations do not use tree leaf area, which strongly affects the extinction coefficient (Figure 5) . Mäkelä (1990) developed a similar summary model based on simulations with the same detailed model, but used crown projected area instead of crown surface area. The resulting model used empirical coefficients that depended on crown shape. Further, the effect of mean solar angle was not tested, and light interception and light-use efficiency were not separated.
Our simulations show that canopy photosynthesis per unit of intercepted light (LUE) depends on stand structure. With a lower extinction coefficient (a more clumped canopy), LUE increased ( Figure 8 ). This can be explained by the variation in light within the canopy, because leaf photosynthesis depends nonlinearly on this light. A more clumped canopy results in a more uniform distribution of light compared with a uniform canopy, and because leaf photosynthesis is a concave function of light, this increases photosynthesis although an equal amount of light is intercepted. Similar reasoning extends to LUE under diffuse or direct radiation, as has been studied extensively by others (Roderick et al. 2001 ). In our simulations, LUE was also dependent on L, both in homogeneous and non-homogeneous canopies. At higher L, the mean irradiance on leaves is lower, which increases the LUE because of the shape of the light-response curve (Equation 15). Although light interception was somewhat overestimated by the summary model, canopy photosynthesis was underestimated (Figure 6 ) because of the effect of stand structure on LUE.
The effect of stand structure on interception and photosynthesis is generally ignored in larger scale process models of forest production (e.g., Landsberg and Waring 1997) because, until now, detailed models had to be used to estimate this effect, which require many parameters and much computing time. Our summary model uses only crown surface area as an additional variable to the Lambert-Beer model, because stand density, tree leaf area, latitude and the long-term effective extinction coefficient of a homogeneous canopy are already required in that model. In addition, one empirical parameter is required (φ), but we found that this parameter depends on mean solar angle only, and whether direct or isotropic diffuse light is considered. Crown surface area can be estimated with crown length and width, and an assumption of crown profile (e.g., cone, ellipsoid, etc.). If the simple equations we presented are general enough, they can be used in these aggregated models of forest production.
In conclusion, a simple model with four independent variables, i.e., leaf area and crown surface area, number of trees per hectare and the extinction coefficient for a homogeneous canopy, successfully mimicked a detailed model of light interception. The extinction coefficient of a non-homogeneous canopy is largely a function of the leaf area to crown surface area ratio (L A /S A ). The effect of between-tree foliage clumping on canopy light interception is more pronounced at lower latitudes, and with denser crowns. When crown surface area is held constant, crown shape (cones or ellipsoids) and crown length to width ratio has very little effect (<1%) on mean annual light interception. 
which is an extension of Equation B1.
Appendix C. Accounting for direct and diffuse light
It was noted that the parameters k H and φ depend on the mean solar angle, and results were shown for direct light only. For completely diffuse light, k H and φ have no angular dependence (and therefore no dependence on latitude), as long as the sky is uniformly overcast. For some arbitrary fraction of diffuse light, we can split Equation 5 into two parts using parameters φ and k H for completely direct or diffuse light: 
where I i,D is intercepted direct light by a single tree without neighbors, and I i,F is intercepted diffuse light. For parameters φ and k H , subscript D refers to direct light, and subscript F to diffuse light. Total intercepted light is simply the sum of direct and diffuse because they are independent.
